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Introduction
Large bone defects caused by trauma, tumor resection or disease present a significant clinical problem. Current treatments include autologous and allogeneic bone grafting, and more recently ceramic and composite substitutes for these. Autologous bone grafting remains the gold standard for bone healing because of the rich biologic environment it provides, but this treatment modality is limited by the amount of graft material available and donor site morbidity [1, 2] . Structural allografts have been used as an alternative, but are unable to support revascularization and remodeling, and therefore are associated with a high rate of complications [3, 4] . Bone graft substitutes made from ceramics or polymers suffer from limited bioactivity, and usually need to be supplemented with osteogenic cells or bone graft material [5] . These limitations of the current bone repair options have driven the search for alternative treatment options. One of the most promising classes of bone regeneration therapies is based on local delivery of growth factors such as bone morphogenetic protein (BMP), vascular endothelial growth factor (VEGF) and transforming growth factor β (TGF-β) [6] [7] [8] [9] . These signaling molecules stimulate endogenous repair mechanisms by recruiting and programming the patient's own progenitor cells.
Of the various growth factors involved in bone formation, the role of BMPs has perhaps been studied the most extensively (for reviews, see [10, 11] ). BMPs are necessary for fetal tissue development as well as for fracture repair [6, 12, 13] . BMPs are present primarily in native bone tissue, and serve to attract progenitor cells to the defect site and promote their osteogenic differentiation [14] . In the last decade, two recombinant human bone morphogenetic proteins, rhBMP-2 and rhBMP-7, have been approved by regulatory bodies worldwide for spinal fusion, oral-maxillofacial applications and the treatment of certain fractures [7, 15] . However, challenges remain due to the suboptimal delivery vehicles, poor spatiotemporal dosage control and short protein half-life, which has resulted in the need for supraphysiologic concentrations of rhBMPs [16] [17] [18] . Currently, rhBMPs are delivered in solution on purified type I collagen matrix. However, extremely high doses (~60 μM compared to the physiological BMP range of 1-30 nM) are required for obtaining a substantial healing response due to the disadvantages mentioned above [19] . The high doses have resulted in complications arising due to diffusion of the BMP away from the defect site [20] [21] [22] , and the high cost associated with producing these large quantities limits the routine use of BMPs [23, 24] .
Due to the limitations of collagen-based delivery of BMP, numerous sustained delivery vehicles are being developed to improve protein pharmacokinetics in vivo [25] [26] [27] . In addition to the sustained release of the protein, its spatial distribution at the defect site is also important to maximize efficacy and minimize ectopic bone formation. In a previous study, we demonstrated that a delivery system that utilizes an electrospun nanofiber mesh tube and alginate hydrogel to provide spatiotemporal control over BMP release results in the functional repair of large bone defects [28] . In this system, a nanofiber mesh tube is used to encapsulate the bone defect and RGDfunctionalized alginate hydrogel that contains BMP is injected inside the tube. The alginate provides sustained availability of the growth factor and supports cell infiltration into the defect space, while the nanofiber mesh is intended to retain the hydrogel and growth factor within the defect site and define the region of bone regeneration. This hybrid approach thus provides both spatial and the temporal control of the exogenously delivered protein for effective bone regeneration.
The purpose of this study was to compare the hybrid alginate/ nanofiber mesh delivery system with the clinical standard of BMP delivery on an absorbable collagen sponge. In addition, the role of the nanofiber mesh tube as a spatial constraint was investigated. Our hypotheses were that BMP delivery within alginate hydrogel would enhance bone formation compared to collagen delivery, and the presence of the mesh tube would result in improved localization of the regenerated bone and improved restoration of biomechanical function. To test these hypotheses, we evaluated the morphological and biomechanical properties of the regenerated bone in a challenging rat segmental defect model.
Materials and methods

Nanofiber mesh tube fabrication
Nanofiber meshes were made by electrospinning and formed into cylindrical tubes as described previously [28] . Briefly, a 12% (w/v) solution of poly (ε-caprolactone) (PCL; Sigma-Aldrich, St. Louis, MO) was made by dissolving the polymer in a 90:10 volume ratio of hexafluoro-2-propanol (HFP):dimethylformamide (DMF) (SigmaAldrich). The following parameters were used during electrospinning-flow rate: 0.75 mL/h; voltage: 13 kV; collector distance: 17 cm; needle gauge: 22. Fibers were collected for 6 h to obtain nanofiber meshes having a thickness of approximately 300-400 μm. The nanofiber mesh morphology was characterized by analyzing images obtained by a Scanning Electron Microscope (SEM; Hitachi HTA, Pleasanton, CA). Perforations measuring 1 mm in diameter and spaced approximately 1.5 mm apart were made in rectangular 13 × 19 mm mesh samples using a biopsy punch (Miltex Inc., York, PA). The mesh samples were then wrapped around a steel mandrel and glued using UV glue (DYMAX Corporation, Torrington, CT) to form hollow tubular implants having a diameter of approximately 5 mm and a length of approximately 13 mm. The perforated mesh tubes were sterilized by ethanol evaporation, rinsed with excess phosphate-buffered saline (PBS; Mediatech Inc., Manassas, VA) and stored in αMEM (Invitrogen, Carlsbad, CA) until implantation.
Alginate hydrogel preparation
Medical grade sodium alginate, MVG (FMC Biopolymer, Philadelphia, PA), was irradiated with 5 Mrad dose of gamma irradiation, and covalently coupled with RGD-containing G 4 RGDASSP peptide sequences (Peptides International, Kentucky, LA), as previously described [29, 30] . Alginate hydrogels, at a concentration of 2% (w/v) and encapsulating 33.33 μg/mL rhBMP-2 (R&D Systems, Minneapolis, MN), were prepared in 1 mL syringes by crosslinking the alginate with calcium sulfate slurry at a ratio of 25:1 [28] . For one of the experimental groups, cylindrical plugs (∅5 mm; 9 mm length) of alginate hydrogel were made by allowing the gelation to occur in a custom-built mold. The hydrogels were stored at 4°C overnight prior to implantation on the following day.
Surgical procedure
An established rat femoral segmental defect model [31] was employed to compare the efficacy of three different rhBMP-2 delivery strategies. Briefly, the femora of 13-week-old female Sasco SpragueDawley rats were stabilized with fixation plates, and bilateral 8 mm segmental defects were created in the mid-femoral diaphyses with an oscillating saw. A 5 μg dose of rhBMP-2 was delivered to each defect in one of three different ways ( Fig. 1 and Table 1 ). In the first group (Col), a collagen sponge (∅5 mm; 9 mm length) was soaked with 150 μL of 33.33 μg/mL rhMBP-2 solution for 15 minutes and implanted in the defect. The collagen sponges were cut from a fibrous collagen sheet (average pore size 61.7 μm, 93.7% pore volume; Kensey Nash, Exton, PA) using a biopsy punch. Implants in the second group (Alg) consisted of a cylindrical plug (∅5 mm; 9 mm length) made from alginate hydrogel containing 5 μg rhBMP-2. In the third group (Alg + Mesh), a perforated nanofiber mesh tube was placed around the defect, and 150 μL of pre-gelled alginate containing rhBMP-2 (rhBMP-2 concentration: 33.33 μg/mL) was injected inside the tube through the perforations. The animals were allowed to move freely after surgery and were given subcutaneous injections of buprenorphine for the first 72 h to reduce pain. All surgical procedures were approved by 
Radiographic and μCT analysis
Radiographic and in vivo μCT evaluations of 8-10 samples per group were performed at 4 and 12 weeks following surgery to assess bone formation. Radiographs were also taken at 2 weeks to assess early differences between groups. The radiographs were taken with a Faxitron MX-20 Digital machine (Faxitron X-ray Corp., Wheeling, IL) using a voltage of 25 kV and an exposure time of 15 seconds. For the μCT imaging, the animals were anesthetized by isoflurane and placed in an in vivo μCT system (Viva-CT, Scanco Medical, Bassersdorf, Switzerland). The mid-femoral defect region was scanned using the following μCT parameters-voxel resolution: 38.5 μm; voltage: 55 kVp; current: 109 μA. The central 4 mm of the 8 mm defect was selected for the quantitative analysis for consistency between specimens. Two volumes of interest (VOI) were defined for the analysis of bone distribution. The central VOI was defined as the cylindrical volume that captured the central defect region within a diameter of 7 mm. The total VOI contained the entire volume of mineralization, in and around the defect, including any bone formation outside the defect region. Based on the two dimensional scan slices, an appropriate threshold was selected at each time point to detect bone while excluding soft tissues [28] . In addition to the volume of newly formed bone at each time point, μCT data was processed to obtain mean density, connectivity density and temporal changes in volume of the regenerated bone.
Biomechanical analysis
Following euthanasia of the animals at 12 weeks, torsional testing was performed on extracted femora to evaluate functional restoration of the limbs. The femora were cleaned of soft tissues and the ends potted in end blocks using Wood's metal (Alfa Aesar, Wood Hill, MA). After removal of the fixation plate, the specimens were tested on a Bose ElectroForce system (ELF 3200, Bose ElectroForce Systems Group, Minnetonka, MN) at a rotational rate of 3°per second. Maximum torque and failure angle were measured at the failure point from the torque-rotation data. Torsional stiffness was calculated by fitting a straight line to the linear portion of the curve before failure. Finally, work to failure was calculated by integrating the area under the torque-rotation curve up to the failure point.
Histological analysis
Histological analysis was performed at 12 weeks post-surgery on extracted femurs. The specimens were first fixed in 10% neutral buffered formalin for 48 h. After two brief rinses in deionized water, they were then decalcified in Cal-ExII (Fisher Scientific, Pittsburgh, PA) for 2 weeks under mild agitation. The decalcified femurs were dehydrated using a graded series of alcohol and embedded in a glycol methacrylate (GMA) formulation (Immuno-Bed, Polysciences Inc., Warrington, PA) using the manufacturer's instructions. Five micronthick mid-sagittal sections were cut using a tungsten carbide blade on a rotary microtome, and the sections were stained with hematoxylin and eosin (H&E). Bright-field images were obtained with the Axio Observer.Z1 microscope (Carl Zeiss, Thornwood, NY). Images were taken at 4× and 10× magnification using the AxioVision software (Carl Zeiss). In addition, the low magnification images were stitched together using the same software to observe a larger region at the defect.
Data analysis
Data are presented as mean ± standard error of mean (SEM). Data were analyzed using analysis of variance (ANOVA) and Tukey's tests for pairwise comparisons (significance set at p b 0.05). The normality of the data was verified by performing the Anderson-Darling test on residuals. When data were not normal, the nonparametric MannWhitney test was used to compare between groups. Minitab® 15 (Minitab Inc., State College, PA) was used for all statistical analysis.
Results
Radiographs
The radiographs of the defect region at the early time point of 2 weeks illustrated that a considerable amount of new bone was deposited in the group where rhBMP-2 was delivered on collagen sponge (Col) (Fig. 2) . At the same time point, bone formation was also evident in the two alginate groups (Alg and Alg + Mesh), but the density appeared lower than in the collagen group. Conversely, the radiographs at 4 and 12 weeks suggested that the alginate groups exhibited higher amounts of de novo bone formation. It should be 2 . Representative radiographs at 2, 4 and 12 weeks post-surgery. At 2 weeks, the Col specimens appeared to possess more bony tissue in the defect than the Alg and Alg + Mesh groups. However, at 4 and 12 weeks, defects in the two alginate groups demonstrated qualitatively higher bone formation. All defects in the three groups were bridged with bony tissue by 12 weeks. The newly formed bone in the alginate groups appeared more densely packed that that in the Col group. Note that the new bone formation was better contained within the defect in the Alg + Mesh group where the nanofiber mesh tube was present, compared to the Alg group. n = 9-10 defects per group.
noted that there was substantial bone regeneration in all groups at 4 weeks and bridging of all defects after 12 weeks. However, differences in the distribution and density of bone deposition were observed among groups. The Col group samples appeared to have more trabecular-like bone that was not as densely packed as the other two groups and there was an apparent contraction of the mineralization front to less than the diameter of the defect region. The Alg group demonstrated mineral deposition both within and outside the defect, suggesting some alginate hydrogel displacement or protein diffusion or combination of both. In contrast, samples in the Alg + Mesh group exhibited consistent localization of dense new bone formation inside the defect region.
μCT analysis
Three-dimensional μCT images obtained in vivo at 4 and 12 weeks were consistent with the radiographs (Fig. 3) . The collagen sponge group (Col) possessed abundant new bone formation in the defects by 4 weeks. Specimens in the alginate scaffold group (Alg) exhibited a fragmented distribution of mineralized tissue, with substantial bone formation occurring outside the defect region. In contrast, in the presence of a nanofiber mesh tube (Alg + Mesh), new bone formation was confined within the defect region and displayed a continuous distribution.
Quantitative μCT analysis demonstrated that the amount and distribution of regenerated bone was significantly affected by the rhBMP-2 delivery method. At 4 weeks, the alginate delivery groups (Alg and Alg + Mesh) had significantly more total bone formation than the collagen delivery group (Col) and the trends were similar within the centeral VOI (Fig. 4) . At 12 weeks, bone volume in both hydrogel groups remained significantly higher than the Col group in both total and central VOI. Moreover, a difference between the hydrogel groups was observed within the central VOI only, indicating that the hybrid alginate/mesh delivery system supported the highest level of bone ingrowth into the defect region. The change in bone volume between 4 and 12 weeks was also calculated for each specimen (Fig. 4) . This analysis demonstrated that the hybrid Alg + Mesh specimens had the largest accumulation of mineralized tissue between the two time points.
Mean density and connectivity density of the newly formed bone were also evaluated from the μCT scans ( Fig. 5A and B) . The results indicate that the mean bone density in the Alg + Mesh specimens was significantly lower than those in the other two groups, at both time points and in both VOIs. Note that the density obtained from the μCT is the tissue-level bone density that is dependent on the mineralizing tissue only and not the apparent bone density that is a function of both local bone density and volume. There was more than a 50% increase in the density of all groups between 4 and 12 weeks, indicating maturation of the mineralized tissue. Connectivity density is a parameter used to analyze trabecular bone, and is a measure of the relative ratio of trabecular connections and struts in a unit volume [32] . Though regenerating bone does not consist of mature trabeculae, the direct mineralization induced by BMPs is initiated at discrete locations, which then develop connections as the mineralization progresses [33] . The connectivity obtained from the μCT analysis of regenerating bone is a measure of these connections. The connectivity density in the Alg + Mesh group was significantly higher than the other two groups in both the VOIs at 4 weeks, though there were no differences at 12 weeks. Finally, it was observed that the newly formed bone in the central VOI displayed higher connectivity density than that contained in the total VOI.
Biomechanical properties
Biomechanical properties of the regenerated femurs were obtained from torsional testing at 12 weeks. The maximum torque was 58% higher for the Alg + Mesh specimens, compared to Col specimens (Fig. 6 ). In addition, the torsional stiffness and work to failure of the Alg + Mesh specimens were significantly higher than those in the Col group by 58% and 102%, respectively. There were no significant differences in the failure angle between the groups. Interestingly, there were no differences in the biomechanical properties between the Col and Alg groups. There were no significant differences in any of the biomechanical properties between the Alg and Alg + Mesh groups; however the mean values of all parameters were higher for the Alg + Mesh specimens.
Histological analysis
Five micron mid-sagittal sections of the regenerated femora were stained with H&E and analyzed at 12 weeks. Consistent with the radiographs and μCT images, the histological images revealed differences in the amount, pattern and distribution of de novo bone formation between groups. The defects in the alginate groups (Alg and Alg + Mesh) appeared to possess higher amounts of well-integrated bone than the collagen sponge group (Col), which displayed a more dispersed pattern (Fig. 7) . Osteocytes were seen embedded in the mineralized matrix in all groups, indicating the physiologic nature of the deposited mineral. Numerous small pockets of residual alginate surrounded by bony tissue were observed in the two alginate groups. In contrast to the substantial bone formation external to the defect region in the Alg group, the nanofiber mesh tube spatially constrained the bone regeneration in the Alg + Mesh group. The PCL nanofiber mesh was partially degraded due to the GMA processing steps, but was still observed to be present surrounding the defect.
Discussion
This study quantitatively compared the bone repair efficacy of a hybrid BMP delivery system to that of the current clinical standard of collagen delivery. Compared to delivery from a collagen matrix, rhBMP-2 delivered at the same dose via alginate hydrogel resulted in enhanced bone formation as early as 4 weeks. The addition of a perforated nanofiber mesh to spatially retain the alginate resulted in an increased mineral accumulation between 4 and 12 weeks and led to improved bone localization in the defect region at 12 weeks. Finally, biomechanical function was significantly improved following treatment with the hybrid alginate/nanofiber mesh delivery system, compared to collagen delivery. The amount of de novo bone formation in the segmental defects was influenced by the method of BMP delivery. After 2 weeks postsurgery, defects that received rhBMP-2 via collagen sponge appeared to possess higher amounts of mineral deposition compared to alginate delivery. However, by 4 weeks, the alginate groups demonstrated higher bone volume than the collagen group, and this trend continued through week 12, indicating that the kinetics of bone repair is dependent on the delivery system. These results suggest that whereas rhBMP-2 diffuses rapidly from the collagen sponge, the alginate hydrogel is able to improve long-term protein retention at the defect site. The attachment of BMP to collagen has been found to be mainly dependent on non-covalent bonding, which results in rapid and unpredictable protein release in vivo [34] . It has been reported that there is a significant initial burst release with collagen delivery, with less than 5% of BMP retained within the collagen sponge by 2 weeks in vivo [35, 36] . This suggests that collagen sponge may have limited efficacy as a sustained delivery vehicle. On the other hand, the ability of alginate hydrogel to provide long-term delivery of proteins has been reported in a number of studies [37] [38] [39] . In a previous in vitro study, we conservatively estimated that 10% of the encapsulated rhBMP-2 remained attached to alginate after 3 weeks [28] , suggesting that the protein binds to the alginate matrix and may be available to invading progenitor cells at later time points. However, further studies that directly track in vivo protein retention are needed to elucidate the mechanism behind the differences between the two delivery methods. The presence of a spatial constraint in the form of the nanofiber mesh tube influenced the bone regeneration process. Addition of the mesh tube to the alginate hydrogel did not enhance overall bone formation that was seen in the total VOI at 12 weeks, but resulted in a distinct localization of bone formation inside the defect. In contrast, substantial bone formation occurred outside the defect region in the alginate alone group, which implies hydrogel fragmentation and/or protein leakage to the surrounding area. Analysis of the central VOI, which excluded this irregular bone formation, revealed that presence of the nanofiber mesh tube did indeed improve bone formation within the defect region. The Alg + Mesh specimens also demonstrated the highest connectivity density early on, indicating a more interconnected bone structure, perhaps due to the containment provided by the mesh tube. There were no differences in connectivity density at 12 weeks, and the values were uniformly low. This could be due to the fact that as the defect fills with bony tissue, the initial finely trabeculated bone morphology is consolidated to larger structures with fewer connections through the normal remodeling process.
In addition to improvements in mineral distribution, the hybrid delivery extended the phase of bone formation resulting in the highest mineral accumulation between 4 and 12 weeks. These suggest that the nanofiber mesh tube in the hybrid system provides spatial control of bone formation by containing the alginate and/or exogenous growth factor within the defect region. It is possible that the nanofiber mesh tube slows the protein diffusion from the implant by binding the protein through nonspecific interactions. Alternatively, the nanofiber mesh tube may function by constraining and thereby compacting the BMP-containing hydrogel, which could improve the local confinement at later time points. In contrast to the higher bone volume in the Alg + Mesh group, this group displayed the lowest local bone tissue density. This apparent contradiction can be explained by the fact that sustained mineral deposition in the hybrid group results in a greater proportion of immature, lower density tissue, which reduces the overall tissue density averaged over the defect volume. It should be noted that the reported bone density is the tissue-level bone density that is dependent only on the actual local tissue.
A few recent studies have highlighted the advantage of utilizing a tubular scaffold in retaining biologic factors at the defect site [40] [41] [42] . For instance, Giardino et al. demonstrated that when a 400 μm thick poly-DL-lactide tube was utilized to constrain dimineralized bone matrix and bone marrow stromal cells within segmental defects, it led to a significant increase in the thickness of newly-formed bone [41] . A recent clinical procedure that creates a fibrous sheath to localize osteogenic factors also illustrates the benefits of a delivery system that features a retention mechanism [43, 44] . In this two-stage procedure, a non-degradable polymethylmethacrylate spacer is first placed in the defect following limb stabilization. The spacer is removed after several months, and the encapsulating fibrous membrane is filled with autologous bone graft. The hybrid alginate/nanofiber mesh system provides a similar "container" effect without the need for a second surgery.
The biomechanical properties of the regenerated femurs were improved by rhBMP-2 delivery via the hybrid system. Maximum torque, torsional stiffness and work to failure were significantly higher in the Alg + Mesh specimens, when compared to those in the Col group. This indicates that the higher bone volume in the Alg + Mesh group compensated for the lower mineral density in contributing to the superior biomechanical properties. It should be noted that the torsional properties of the regenerated femurs in the Alg + Mesh group exceeded those of age-matched intact femurs determined previously [28] . There were no significant differences in the biomechanical properties between the two alginate groups. This suggests that although irregular, the bony tissue outside the defect in the Alg group contributed somewhat to the overall mechanical properties.
The delivery of BMPs for large bone defect repair has been tested in a number of animal models, including the rat model; however high protein doses are typically required [45] [46] [47] [48] . For instance, Cuomo et al. reported that delivery of 10 μg rhBMP-2 (double the dose used in this study) resulted in bony bridging of a less challenging 6 mm rat segmental defect [48] . The 5 μg dose we utilized in this study is low compared to that used in similar rat models [46] [47] [48] , suggesting that the lower BMP doses may be efficaciously delivered in the alginate/ nanofiber mesh system. It should be noted that, compared to the clinical rhBMP-2 dosage of 1.5 mg/mL, the rhBMP-2 concentration we delivered in all groups was 33.33 μg/mL, which is 45 times less. Furthermore, when normalized by body weight, the amount of rhBMP-2 we delivered comes out to 0.020 mg/kg (rhBMP-2 weight/ body weight) compared to the clinical dosage of 0.136 mg/kg (assuming an average body weight of 88 kg for a human patient, based on [15] ). Part of this 7× reduction in required rhBMP-2 may be explained by the fact that sensitivity of human bone marrow stromal cells to BMP is lower compared to cells derived from rats [49, 50] . Nonetheless, given the superior results obtained by delivering rhBMP-2 in the alginate/nanofiber mesh system compared to collagen in the same animal model, this study suggests that some of the benefits may translate to human patients.
The results of this study demonstrated that the spatiotemporal delivery of rhBMP-2 via the hybrid alginate/nanofiber mesh system resulted in improved bone repair compared to delivery on a collagen sponge. Our hypothesis is that the hybrid system is able to enhance bone regeneration by prolonging the retention of rhBMP-2 in the defect region. By maintaining sustained and localized availability of rhBMP-2, the hybrid system may result in improved clinical outcomes at a lower dose, which could reduce the cost and complications associated with collagen delivery. In conclusion, this study provides promising evidence in a challenging small animal model that spatiotemporal protein delivery strategies enhance the therapeutic efficacy of BMP in the repair of large bone defects.
